The standard model of hot big bang cosmology requires initial conditions which are problematic in two ways: (1) the early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary accuracy to produce a universe as flat (i.e., near critical mass density) as'the one we see today (flatness problem). These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary particle interactions.
INTRODUCTION: THE HORIZON AND FLATNESS PROBLEMS
The standard model of hot big bang cosmology relies on the assumption of initial conditions which are very puzzling in two ways, which I will explain below. The purpose of this paper is to suggest a modified scenario which avoids both of these puzzles.
By "standard model," I refer to an adiabatically expanding radiationdominated universe described by a Robertson-Walker metric. Details will be given in Section II.
Before explaining the puzzles, I would first like to clarify my notion of "initial conditions."
The standard model has a singularity which is conventionally taken to be at time t = 0. As t + 0, the temperature T + =. Thus, no initial value problem can be defined at t = 0.
However, when T is of the order of the Planck mass '"P El/&= 1.22 X lolq l GeV) or greater, the equations of the standard model are undoubtedly meaningless, since quantum gravitational effects are expected to become essential. Thus, within the scope of our knowledge, it is sensible to begin the hot big bang scenario at some temperature To which is comfortably below MI,; let us say To = 1017 GeV.
At this time one can take the description of the universe as a set of initial conditions, and the equations of motion then describe the subsequent evolution. Of course, the equation of state for matter at these temperatures is not really known, but one can make various hypotheses and pursue the consequences.
_ In the standard model, the initial universe is taken to be homogeneous and isotropic, and filled with a gas of effectively massless particles in thermal equilibrium at temperature To. The initial value of the Hubble expansion "constant" H is taken to be Ho, and the model universe is then completely described. Now I can explain the puzzles. The first is the well-known horizon problem. 2 The initial universe is assumed to be homogeneous, yet it consists of at least -10 83 separate regions which are causally disconnected (i.e., these regions have not yet had time to communicate with each other via light signals). 5 (The precise assumptions which lead to these numbers will be spelled out in Section II.) Thus, one must assume that the forces which created these initial conditions were capable of violating causality.
The second puzzle is the flatness problem. This puzzle seems to be much less celebrated than the first, but it has been stressed by Dicke and Peebles.6 I feel that it is of comparable importance to the first.
It is known that the energy density p of the universe today is near the critical value p cr (corresponding to the borderline between an open and closed universe). One can safely assume that7
.Ol < np -C 10 , (1.1) where 62 = P/P cr = (8a/3)Gp/H2 , (1.2) and the subscript p denotes the value at the present time. Although these bounds do not appear at first sight to be remarkably stringent, they in fact have powerful implications. The key point is that the condition 51 W 1 is unstable. Furthermore, the only time scale which appears in the equations for a radiation-dominated universe is the The reader should not assume that these incredible numbers are due merely to the rather large value I have taken for To. If I had chosen a modest value like To = 1 MeV, I would still have concluded that the "initial" universe consisted of at least -10 22 causally disconnected regions, and that the initial value of Ho was fine tuned to one part in 1015. These numbers are much smaller than the previous set, but they are still very impressive.
Of course, any problem involving the initial conditions can always be put off until we understand the physics of T 2 MI,. However, it is the purpose of this paper to show that these puzzles might be obviated by a scenario for the behavior of the universe at temperatures well below 5
The paper is organized as follows. 
II. THE STANDARD MODEL OF THE VERY EARLY UNIVERSE
In this section I will summarize the basic equations of the standard model, and I will spell out the assumptions which lead to the statements made in the introduction.
The universe is assumed to be homogeneous and isotropic, and is therefore described by the Robertson-Walker metric:* dr2 = dt2 -R2(t) dr 2 1 -kr2 + r2 C de2 + sin20 d$2 (2.1) where k = +l, -1, or 0 for a closed, open, or flat universe, respectively.
It should be emphasized that any value of k is possible, but by convention r and R(t) are resealed so that k takes on one of the three discrete values. The evolution of R(t) is governed by the Einstein equations ii= -2 G(P + 3p)R , H2+k= R2 +P , (2.2b) where H : i/R is the hubble "constant" (the dot denotes the derivative with repsect to t). Conservation of energy is expressed by , (2.3) where p denotes the pressure. In the standard model one also assumes -that' the expansion is adiabatic, in which case 1 dt sR d 3=0 ( ) , (2 -4) where s is the entropy density.
To determine the evolution of the universe, the above equations must Here n denotes the particle number density, and ~(3) = 1.20206...
is the Riemann zeta function. The evolution of the universe is then found by rewriting (2.2b) solely in terms of the temperature. Again assuming that T is not near any mass thresholds, one finds
where where S : R3s denotes the total entropy in a volume specified by the radius of curvature R.
Since S is conserved, its value in the early universe determined (or at least bounded) by current observations. 18) and this gives the physical horizon distance. This horizon distance is to be compared with the radius L(t) of the region at time t which will evolve into our presently observed region of the universe. Again using conservation of entropy, 2.19) where sp is the present entropy density and L -1o1O P years is the radius of the presently observed region of the universe. One is interested in the ratio of volumes, so then the horizon problem disappears.
(It should be noted that the horizon will still exist; it will simply be moved out to distances which have not been observed.)
It is not surprising that the RHS's of (3.2) and (3.3) are approximately equal, since they both correspond roughly to So of order unity.
I will now describe a scenario, which I call the inflationary universe, which is capable of such a large entropy production.
Suppose the equation of state for matter (with all chemical potentials set equal to zero), exhibits a first order phase transition at some critical temperature Tc. Then as the universe cools through the temperature Tc, one would expect bubbles of the low temperature phase to nucleate and grow. However, suppose the nucleation rate for this phase transition is rather low. The universe will continue to cool as it expands, and it will then supercool in the high temperature phase.
Suppose that this supercooling continues down to some temperature Ts, many orders of magnitude below Tc. When the phase transition finally takes place at temperature Ts, the latent heat is released. However, this latent heat is characteristic of the energy scale Tc, which is huge relative to Ts. The universe is then reheated to some temperature Tr which is comparable to Tc. The entropy density is then increased by a factor of roughly (Tr/Ts)3 ( assuming that the number &of degrees of freedom for the two phases are comparable), while the value of R remains unchanged. Thus,
If the universe supercools by 28 or more orders of magnitude below some rritical temperature, the horizon and flatness problems disappear.
In order for this scenario to work, it is necessary for the universe to be essentially devoid of any strictly conserved quantities. Let n denote the density of some strictly conserved quantity, and let r E n/s denote the ratio of this conserved quantity to entropy. Then rP = Ze3 r. < lO-84 ro. Thus, only an absurdly large value for the initial ratio would lead to a measurable value for the present ratio.
Thus, if baryon number were exactly conserved, the inflationary model would be untenable. However, in the context of grand unified models, baryon number is not exactly conserved.
The net baryon number of the universe is believed to be created by CP-violating interactions at a temperature of 10 13-1()14 GeV.g Thus, provided that Tc lies in this range or higher, there is no problem. The baryon production would take place after the reheating.
(However, strong constraints are imposed on the entropy which can be generated in any phase transition with T -cc 1014 GeV: C in particular, the Weinberg-Salam phase transition.36)
Let us examine the properties of the supercooling universe in more detail.
Note that the energy density p(T), given in the standard model by (2.5), must now be modified. As T + 0, the system is cooling not toward the true vacuum, but rather toward some metastable false vacuum with an energy density p. which is necessarily higher than that of the true vacuum. Thus, to a good approximation (ignoring mass thresholds)
Perhaps a few words should be said concerning the zero point of energy. Classical general relativity couples to an energy-momentum tensor of matter, T PV' which is necessarily (covariantly) conserved.
when matter is described by a field theory, the form of Tuv is determined by the conservation requirement up to the possible modification Planck times. 21 The damping of inhomogeneities in the metric has also been studied,22 and it is reasonable to expect such damping to occur.
Thus, assuming that at least some regions of the universe started at temperatures high compared to Tc, one would expect that, by the time the temperature in one of these regions falls to Tc, it will be locally homogeneous, isotropic, and in thermal equilibrium. By locally, I am talking about a length scale 5 which is of course less than the horizon distance. It will then be possible to describe this local region of the universe by a Robertson-Walker metric, which will be accurate at distance scales small compared to 5. When the temperature of such a region falls below Tc, the inflationary scenario will take place. The end result will be a huge region of space which is homogeneous, isotropic, and of nearly critical mass density. If Z is sufficiently large, this region can be bigger than (or much bigger than) our observed region of the universe.
IV. GRAND UNIFIED MODELS AND MAGNETIC MONOPOLE PRODUCTION
In this section I will discuss the inflationary model in the context of grand unified models of elementary particle interactions.23y24
A grand unified model begins with a simple gauge group G which is a valid symmetry at the.highest energies. As the energy is lowered, the theory undergoes a hierarchy of spontaneous symmetry breaking into successive subgroups: G-t Hn + . . . + Ho, where Hl = SU3 x SU2 x U 1 (QCD x Weinberg-Salam) and Ho = SU3 x Ul EM . In the Georgi-Glashow mode1,23 which is the simplest model of this type, G = SU5 and n = 1.
The symmetry breaking of SU5 -t SU3 x SU2 x Ul occurs at an energy scale Since it seems difficult to modify the estimated annihilation rate, one must find a scenario which supresses the production of these monopoles.
Kibble32 has pointed out that monopoles are produced in the course of the phase transition by the process of bubble coalescence. The orienta%i.on of the Higgs field inside one bubble'will have no correlation with that 'of another bubble not in contact. When,the bubbles coalesce to fill the space, it will be impossible for the uncorrelated Riggs fields to -19 - align uniformly. One expects to find topological knots, and these knots are the monopoles. The number of monopoles so produced is then comparable to the number of bubbles, to within a few orders of magnitude.
Kibble's production mechanism can be used to set a "horizon-bound" on monopole production which is valid if the phase transition does not significantly disturb the evolution of the universe.33 At the time of bubble coalescence tcoal, the size R of the bubbles cannot exceed the horizon distance at that time. So By considering the contribution to the mass density of the present universe which could come from 10 16 GeV monopoles, Preskil131 concludes that %I' n Y < 1o -24 , (4.3) where n Y is the density of-photons. This ratio changes very little from .the time of the phase transition, so with (2.7) one concludes -24 2 l/3 T coal < lo [ 1 25 (3; y-l % M lOlo GeV . If Tc -10 14 GeV, this bound implies that the universe must supercool by at least about four orders of magnitude before the phase transition is completed.
The problem of monopole production in a strongly first order phase transition with supercooling was treated in more detail by Tye and me.16s34
We showed how to explicitly calculate the bubble density in terms of the nucleation rate, and we considered the effects of the latent heat released in the phase transition. Our conclusion was that (4.4) should be replaced by T coal < 2 X 1011 GeV , (4.5)
where T coal refers to the temperature just before the release of the latent heat.
Tye and I omitted the crucial effects of the mass density p, of the false vacuum. However, our work has one clear implication: if the nucleation rate is sufficiently large to avoid exponential growth, then far too many monopoles would be produced. Thus, the monopole problem seems to also force one into the inflationary scenario.35
In the simplest SU5 model, the nucleation rates have been calculated (approximately) by E. Weinberg and me.lg The model contains unknown parameters, so no definitive answer is possible. We do find, however, .
that there is a sizable range of parameters which lead to the inflationary
V. PROBLEMS OF THE INFLATIONARY SCENARI037
As I mentioned earlier, the inflationary scenario seems to lead to some unacceptable consequences. It is hoped that some variation can be found which avoids these undesirable features, but maintains the desirable ones. The problems of the model will be discussed in more detail elsewhere,37 but for completeness I will give a brief description here.
The central problem is the difficulty in finding a smooth ending to the period of exponential expansion. Let us assume that I(t) approaches a constant as t + = and T + 0. To achieve the desired expansion factor Z P 28 10. , one needs X0/x4 < 10 -2 (see (3.18)), which-means that the nucleation rate is slow compared to the expansion rate of the universe.
(Explicit calculations show that X0/x4 is typically much smaller than this value.18,1g,36) The randomness of the bubble formation process then leads to gross inhomogeneities.
To understand the effects of this randomness, the reader should bear in mind the following facts:
(i) All of the latent heat released as a bubble expands is transferred initially to the walls of the bubble.17 This energy can be thermalized only when the bubble walls undergo many collisions.
(ii) The de Sitter metric does not single out a comoving frame.
The O(4,l) invariance of the de Sitter metric is maintained even after the formation of one bubble. The memory of the original RobertsonWalker comoving frame is maintained by the probability distribution of bubbles, but the local comoving frame can be reestablished only after enough bubbles have collided.
(iii) The size of the largest bubbles will exceed that of the smallest bubbles by roughly a factor of Z; the range of bubble sizes is immense. The surface energy density grows with the size of the bubble, so the energy in the walls of the largest bubbles can be thermalized only -by colliding with other large bubbles.
(iv) As time goes on, an arbitrarily large fraction of the space will be in the new phase (see (3.16)). However, one can ask a more subtle question about the region of space which is in the new phase:
is the region composed of finite separated clusters, or do these clusters join together to form an infinite region?
The latter possibility is called "percolation." It can be shown3* that the system percolates for large values of X0/x4, but that for sufficiently small values it does not. The critical value of X0/x4 has not been determined, but presumably an inflationary universe would have a value of X0/x4 below critical. Thus, no matter how long one waits, the region of space in the new phase will consist of finite clusters, each totally surrounded by a region in the old phase.
(v) Each cluster will contain only a few of the largest bubbles.
Thus, the collisions discussed in (iii) cannot occur.
The above statements do not quite prove that the scenario is impossible, but these consequences are at best very unattractive. Thus, it seems that the scenario will become viable only if some modification can be found which avoids these inhomogeneities. Some vague possibilities will be mentioned in the next section.
Note that the above arguments seem to rule out the possibility that the universe was ever trapped in a false vacuum state, unless X0/x4 2 1.
Such a large value of X0/x4 does not seem likely, but it is possible.lg
VI. CONCLUSION
I have tried to convince the reader that the standard model of the every early universe requires the assumption of initial conditions which are very implausible for two reasons:
(i) The horizon problem: causally disconnected regions are assumed to be nearly identical; in particular, they are simultaneously at the same temperature.
(ii) The flatness problem: for a fixed initial temperature, the initial value of the Hubble "constant" must be fine tuned to extraordinary accuracy to produce a universe which is as flat as the one we observe.
Both of these problems would disappear if the universe supercooled by 28 or more orders of magnitude below the critical temperature for some phase transition.
(Under such circumstances, the universe would be growing exponentially in time.) However, the random formation of bubbles of the new phase seems to lead to a much too inhomogeneous universe.
The inhomogeneity problem would be solved if one could avoid the assumption that the nucleation rate A(t) approaches a small constant A0
as the temperature T -t 0. 11. The reason A is so small is of course one of the deep mysteries of physics.
The value of A is not determined by the particle theory alone, but must be fixed by whatever theory couples particles to quantum gravity. This appears to be a separate problem from the ones discussed in this paper, and I merely use the empirical fact that AM 0.
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